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LABORATORY  DETERMINATION  OF  THE  EXPLOSIBILITY 
OF  COAL  DUST  AND  AIR  MIXTURES. 


By  J.  K.  Clement  and  J.  X.  Lawrence. 


INTRODUCTION. 

Two  previous  publications  of  the  Bureau  of  Mines  have  been  de- 
voted to  the  laboratory  investigations  of  the  inflammability  of  coal 
dust.a  In  both  of  these  the  value  of  a  reliable  laboratory  method  for 
measuring  the  inflammability  of  dusts  was  pointed  out. 

The  term  "  inflammability  "  as  used  in  this  report  may  be  defined 
as  the  ease  with  which  a  flame  can  be  produced  in  a  cloud  of  dust 
that  will  travel  beyond  the  influence  of  the  igniting  agent. 

Various  investigators  have  devised  a  number  of  laboratory  methods 
for  determining  relative  inflammability,2'  but  with  most  of  the  meth- 
ods previously  described  it  has  not  been  possible  to  distinguish  be- 
tween dusts  that  may  give  rise  to  explosions  in  the  mine  and  those 
that  will  not.  Such  a  differentiation  of  dusts  obviously  depends  on 
the  availability  of  data  concerning  the  behavior  of  dusts  under  actual 
mining  conditions  as  well  as  on  the  sensitiveness  of  the  laboratory 
method.  Data  of  this  nature  have  been  available  only  within  a  few 
years. 

During  the  course  of  the  investigations  at  the  experimental  mine 
of  the  Bureau  of  Mines  it  was  found  that  dusts  of  too  low  inflam- 
mability to  be  ignited  in  the  laboratory  apparatus  previously  used 
by  the  bureau,  and  described  in  Bulletins  50  and  102,  were  neverthe- 
less capable  of  propagating  violent  explosions  in  the  mine.  Con- 
sequently it  became  necessary  to  increase  the  sensitiveness  of  the 
laboratory  method. 

The  laboratory  method  described  in  this  paper  is  capable  of  meas- 
uring the  inflammability  of  the  least  inflammable  dusts  that  will 
propagate  an  explosion  in  the  mine.  A  relation  has  been  established 
between  the  results  of  tests  on  a  lame  scale  at  the  experimental  mine 

a  Frazcr.  J.  C.  W„  Hoffman,  E.  J.,  and  Scholl,  L.  A.,  jr.  A  laboratory  study  of  the 
Inflammability  of  coal  dust:  Boll.  50,  Bureau  of  Mines,  1918,  80  pp.;  Clement  •'•  K., 
and  Scholl.  L.  A.,  jr..  The  Inflammability  of  Illinois  coal  dust<  :  null.  102,  Bureau  of 
Mines,    1916,   74   pp. 

►  See  Rice,  (J.  s.,  and  others,  The  exploslbility  of  coal  dust  ;   Bull.  -»».  Bureau  of  Mines, 

1911,  204   pp. 
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and  the  results  of  laboratory  tests,  so  that  it  is  now  possible  to  deter- 
mine from  laboratory  tests  alone  whether  or  not  a  given  dust  may 
give  rise  to  or  propagate  explosions. 

Normal  air  has  been  used  in  previous  laboratory  experiments  with 
dusts.  Recent  work  at  the  experimental  mine  has  shown  that  dusts 
which  in  normal  mine  air  are  not  capable  of  propagating  an  explosion 
may,  in  the  presence  of  a  small  percentage  of  natural  gas,  readily 
propagate  an  explosion.  The  laboratory  method  has  therefore  been 
so  modified  that  dusts  may  be  tested  in  the  presence  of  various  per- 
centages of  combustible  gas;  and  the  effect  of  small  amounts  of 
combustible  gas  on  the  inflammability  of  dust  has  been  investigated. 

The  igniting  agent  may  be  the  flame  from  a  blown-out  shot,  the 
flame  of  an  oil  lamp,  or  the  surface  of  an  incandescent  solid  body. 
In  the  apparatus  used  to  measure  inflammability  in  the  experiments 
herein  described  a  heated  platinum  tube  serves  as  the  igniter.  The 
igniter  is  placed  at  the  center  of  a  spherical  vessel  and  a  cloud  of 
dust  is  blown  past  it  through  an  opening  in  the  bottom  of  the  vessel. 
The  pressure  produced  by  the  combustion  of  the  dnst  is  taken  as  a 
measure  of  its  inflammability. 
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APPARATUS. 
DESCRIPTION. 

The  apparatus  is  shown  in  Plate  1  and  figure  1.  The  essential 
features  are  the  explosion  globe  a,  the  igniting  tube  &,  the  pressure- 
recording  device  c,  the  lifting  device  d,  and  auxiliary  devices  for 
measuring  the  temperature  of  the  igniting  tube  and  for  throwing  the 
dust  into  suspension. 

The  explosion  globe,  capacity  1,400  c.  c,  is  fitted  with  tubulures 
at  its  top  and  bottom.  The  lower  tubulure  is  provided  with  a  rubber 
gasket,  and  the  upper  tubulure  presses  against  a  rubber  gasket 
cemented  to  the  head  of  the  apparatus.  The  joints  at  the  top  and 
bottom  of  the  globe  are  made  gas-tight  by  screwing  down  the  thumb 
nuts  e. 

The  glass  dust  injector  /  is  the  receptacle  for  the  coal  dust  and  is 
provided  with  a  cap  of  14-mesh  copper  gauze,  not  shown  in  the 
figure.    The  dust  is  raised  in  a  cloud  by  a  puff  of  oxygen. 
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APPARATUS. 


The  oxygen  is  drawn  from  a  steel  cylinder  and  the  puff  is  con- 
trolled by  means  of  the  manometer  g,  the  reservoir  A,  and  the  releas- 
ing device  i.  The  rapidity  with  which  the  oxygen  forces  the  dust 
out  of  the  injection  funnel  is  regulated  by  a  capillary  tube,  '2  mm. 
in  diameter  and  6  cm.  long,  inserted  between  the  releasing  device 
and  the  injection  funnel. 

The  igniting  tube  consists  of  a  hardened  "  lavite  "  tube  on  which 
is  wound  a  heating  coil  of  0.23  mm.  platinum  wire,  40  turns  to  the 


Figure    1. — Sketch   of   inflammability   apparatus 


inch,  inclosed  in  a  platinum  tube  made  of  0.1  mm.  sheet  platinum. 
On  the  surface  of  the  "lavite"  tube  is  cut  a  suitable  spiral  groove 
in  which  the  platinum  wire  is  wound.  The  wire  is  insulated  from 
the  platinum  tube  by  a  layer  of  alundum  cement  which  is  baked  on. 
The  igniting  tube  is  held  in  place  by  platinum  leads  of  0.4  mm 
diameter  which  are  fused  to  the  ends  of  the  heating  coil  and  secured 
in  the  binding  posts  at  the  lower  extremities  of  the  steel  lead-  /'. 

The  temperature  of  the  platinum  tube  is  measured  by  a  platinum 
and  platinum-rhodium  thermocouple  and  a  Siemens  &  rlalske  mi  Hi- 
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voltmeter.  The  ends  of  the  platinum  and  platinum-rhodium  wires, 
instead  of  being  fused  together  in  the  usual  manner  to  form  the  hot 
junction,  are  attached  separately  to  the  platinum  tube;  the  platinum- 
rhodium  wire  at  the  middle  of  the  tube  and  on  the  front  side;  the 
platinum  wire  about  3  mm.  to  one  side  of  the  platinum- rhodium 
wire.  The  point  of  contact  of  the  platinum-rhodium  wire  with  the 
platinum  tube  is  therefore  the  hot  junction  of  the  couple.  To  reduce 
to  a  minimum  the  loss  of  heat  from  the  tube  by  conduction  along 
the  wires,  the  ends  are  drawn  down  to  a  diameter  of  0.15  mm.  The 
thermocouple  and  millivoltmeter  were  calibrated,  and  the  error  of 
temperature  measurement  is  less  than  10°  C 

The  pressure  developed  by  the  explosions  is  measured  by  a  Crosby 
gas  and  steam  engine  indicator.  Inasmuch  as  only  the  maximum 
pressure  is  desired,  the  drum  is  ordinarily  not  rotated.  Preliminary 
experiments  in  which  the  drum  was  rotated  at  a  speed  of  140  to  200 
revolutions  per  minute  showed  that  the  inertia  of  the  moving  parts 
was  not  great  enough  to  prevent  the  gage  from  correctly  indicating 
the  pressures  developed.  The  pressure  curve  rose  rapidly  to  a  maxi- 
mum from  which  it  dropped  very  slowly. 

For  experiments  in  an  atmosphere  containing  a  small  percentage 
of  combustible  gas  a  base  plate,  provided  with  a  brass  tube  k  (fig.  1) 
for  introducing  the  combustible  gas,  is  used.  The  gas  enters  the 
bulb  through  eight  small  holes  in  the  wall  of  the  circular  port  of  the 
tube. 

METHOD    OF    OPERATION. 

A  weighed  quantity  of  the  dust  to  be  tested  is  poured  into  the 
glass  funnel  /  (fig.  1)  and  by  tapping  is  brought  into  position  in  the 
funnel  stem.  The  apparatus  is  then  connected  as  shown  in  figure  1 
and  a  current  of  two  amperes  taken  from  a  storage  battery  is  passed 
through  the  heating  coil  for  one  minute,  after  which  the  current  is 
increased  so  as  to  obtain  the  desired  temperature  and  continued  for 
four  minutes.  The  pressure  of  the  oxygen  in  reservoir  h  is  adjusted 
to  15  or  20  cm.  of  mercury,  according  to  the  quantity  of  dust  to  be 
used. 

At  the  end  of  the  five-minute  period  the  vent  in  the  head  at  the 
top  of  the  explosion  flask  is  closed  with  a  spring  clip,  the  rubber  tube 
leading  into  the  oxygen  reservoir  is  closed  immediately  at  the  en- 
trance of  the  reservoir  by  means  of  a  pinch  cock,  and  then  the  piston 
of  the  releasing  device  is  allowed  to  spring  up.  A  touch  on  the  lever 
at  the  right  of  the  piston  permits  this  action.  The  dust  is  injected 
into  the  explosion  globe  and  is  ignited  by  contact  with  the  igniting 
element. 

In  regular  work  two  explosion  globes  are  employed.  While  one 
is  used  in  a  test,  the  other  is  blown  out  with  a  blast  of  air,  which 
renews  the  atmosphere  in  the  globe  and  cools  the  globe  itself. 
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The  pressure  shown  by  the  Crosby  indicator  is  corrected  for  the 
increase  due  to  the  injected  oxygen  by  deducting  the  pressure  ob- 
served when  no  dust  is  used.  The  pressure  reported  is  always  the 
average  of  at  least  three  determinations. 

The  pressures  developed  vary  from  a  few  tenths  of  a  pound  with 
anthracite  or  with  dust  very  high  in  ash  to  20  pounds  with  sub- 
bituminous  coals.  Coals  of  the  Pocahontas  type  give  pressures  vary- 
ing from  6  to  10  pounds,  and  typical  Pennsylvania  bituminous  coals, 
such  as  those  of  the  Pittsburgh  bed,  give  pressures  of  11  to  15  pounds. 

The  maximum  difference  between  individual  determinations  on  the 
same  sample  of  dust  is  usually  not  over  2  pounds  for  dusts  that  de- 
velop 10  to  15  pounds  pressure.  Averages  determined  by  different 
observers  or  by  the  same  observer  on  different  days  agree  ordinarily 
within  0.5  pound.  The  greater  the  deviation  between  individual 
observations  the  larger  the  number  of  determinations  required. 

Usually  the  quantity  of  dust  used  in  an  experiment  is  100  mg.  For 
dusts  of  low  inflammability  the  amount  is  300  mg.  With  the  former 
quantity  of  dust  the  pressure  of  the  oxygen  used  to  eject  the  dust  is 
15  cm.  and  with  the  latter  quantity  20  cm.  of  mercury.  Unless  other- 
wise stated,  the  tests  recorded  are  made  with  200-mesh  air-dried 
samples. 

When  tests  are  to  be  made  with  a  small  percentage  of  combustible 
gas  present  in  the  bulb,  the  igniting  element  is  raised  above  the  top 
of  the  bulb  and  heated  to  the  proper  temperature.  The  top  tubulure 
is  closed  and  a  measured  volume  of  gas  introduced  into  the  bulb.  At 
the  close  of  the  five-minute  interval  the  head  of  the  apparatus  is 
quickly  lowered  and  fixed  in  position  and  the  dust  injected  into  the 
globe.  As  this  operation  consumes  not  over  five  seconds,  the  compo- 
sition of  the  gas  is  not  appreciably  changed  before  the  dust  is 
injected. 

TESTS    OF    TYPICAL    COALS    AT    VARIOUS    TEMPERATURES. 

The  results  obtained  with  five  typical  coals  are  shown  in  figure  2; 
the  proximate  analyses  of  the  coals  are  given  in  the  following  table : 

Proximate  analyses  of  air-dried  samples. 


Sample 
No. 


State. 


Type. 


Moisture. 


Volatile 

Fixed 

matter. 

carbon. 

1'ir  tent. 

Per  cent. 

44.  1Q 

47.52 

41.08 

88. 64 

82.  7.') 

59.19 

2ii.  x\ 

64.25 

16.  n 

78.04 

Ash. 


Utah 

North  Dakota. 
Pennsylvania. 

Alabama 

West  Virginia. 


Subbituminous., 

Lignite 

Bituminous 

do 

Semibituminous. 


Per  cent. 
2.13 
8.60 
2.18 

.:.7 
.48 


Per  cfiit. 
ti.25 
10.83 
"..  88 
5.86 
4.73 


In  figure  2  the  pressure  developed  in  the  inflammability  apparatus 
is  plotted  as  ordinate  and  the  temperature  of  the  igniter  as  abscissa. 
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The  lowest  temperature  at  which  pressure  was  developed  was  750°  C. 
with  the  lignite,  and  925°  to  975°  C.  with  the  bituminous  and  semi- 
bituminous  coals.  The  curves  rise  rapidly  for  the  first  100°  rise  in 
temperature  and  then  become  gradually  flatter,  reaching  a  nearly 
constant  maximum  pressure  at  1,200°  C. 

One  object  in  studying  the  influence  of  temperature  on  the  pres- 
sure developed  by  the  dusts  was  to  ascertain  the  temperature  best 
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TEMPERATURE,  °C, 
Figure  2. — Relation  between  pressure  developed  in  inflammability  apparatus  and  tem- 
perature of  igniter,  for  five  typical  coals. 

suited  for  inflammability  experiments.  It  is  advisable  to  select 
a  temperature  in  the  region  in  which  the  curves  are  flattest,  so  that 
a  small  variation  in  the  temperature  of  the  igniter,  such  as  might 
be  caused  by  an  error  in  temperature  measurement,  will  cause  a 
minimum  variation  in  the  pressure  developed.  It  was  not  consid- 
ered desirable  to  work  at  temperatures  above  1,200°  C.  because  of 
the  short  life  of  the  platinum  coils  at  such  temperatures.  At  1,200° 
C.  however,  the  slope  of  the  curves  is  so  small  that  a  variation  of 
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10°  or  even  20°  causes  no  material  variation  in  the  pressure.  This 
temperature  was  adopted  as  the  working  temperature. 

It  is  evident  from  figure  2  that  except  for  the  lignite  dust,  at 
temperatures  above  1,000°  C.  the  pressure  developed  by  the  several 
coal  dusts  are  in  the  same  order  as  those  at  1,200°  C,  and  the 
relative  inflammability  as  measured  by  the  ratio  of  the  pressure 
would  not  differ  greatly  from  the  values  at  1,200°.  The  inflamma- 
bility of  the  lignite  dust  as  determined  by  the  pressure  developed 
at  1,200°  C.  lies  between  that  of  Pennsylvania  bituminous  dust 
and  Utah  subbituminous  dust.  However,  in  the  laboratory  appa- 
ratus the  lignite  dust  ignites  at  a  much  lower  temperature  than 
the  other  dusts  and,  at  temperatures  below  1,050°  C,  develops  much 
greater  pressures.  Conclusions  as  to  the  inflammability  of  lignite 
dusts  should  not  be  based  on  laboratory  tests  alone  until  informa- 
tion is  obtained  as  to  the  behavior  of  the  dusts  in  the  mine. 

For  all  the  dusts  that  have  been  tested  at  the  experimental  mine, 
the  order  of  inflammability  found  in  the  mine  agrees  with  that  found 
in  the  laboratory.  In  fact,  there  is  a  definite  relation  between  the  in- 
flammability determined  by  the  pressure  developed  in  the  laboratory 
apparatus  and  the  degree  of  inflammability  determined  at  the  mine. 

As  regards  the  question  of  the  danger  of  dust  explosions  in  lignite 
mines  the  reader  should  remember  that  whereas  the  laboratory  tests 
are  habitually  made  with  air-dried  samples,  nearly  all  lignites  in  the 
United  States  carry  a  high  percentage  of  moisture  when  mined.  The 
sample  of  lignite  from  North  Dakota  had  a  moisture  content  of  38.52 
per  cent  as  received ;  this  was  reduced  to  8.60  per  cent  by  air  drying. 

A  Montana  lignite  tested  in  this  laboratory  carried  41.3  per  cent  of 
moisture  when  received  and  10.6  per  cent  when  air  dried.  The  in- 
flammability of  200-mesh  samples  of  both  "  as  received  "  and  "  air- 
dried"  lignite  was  determined  in  the  usual  manner;  100  mg.  of  the 
"  air-dried  n  sample  gave  a  pressure  of  15.4  pounds  per  square  inch, 
whereas  300  mg.  of  the  "  as-received  "  sample  gave  only  0.9  pounds 
per  square  inch. 

Because  lignites  have  a  high  moisture  content  the  danger  of  dust 
explosions  in  lignite  mines  is  much  less  than  would  be  indicated  by  a 
laboratory  test  of  an  "  air-dried  "  sample. 

STANDARDIZATION  OF  LABORATORY  METHOD. 

In  order  to  predict  from  laboratory  tests  the  behavior  of  dusts 
in  the  mine  a  relation  must  first  be  established  between  the  laboratory 
results  and  those  obtained  under  the  conditions  of  actual  mining. 

If  a  series  of  dusts  varying  in  inflammability  from  the  least  to  the 
most  inflammable  is  obtained,  and  the  several  members  of  the  series 
are  tested  under  actual  mining  conditions,  as  well  as  in  the  laboratory. 
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the  desired  relation  will  be  established.  Such  a  series  of  dusts  has 
been  prepared  by  mixing  coal  dust  from  the  experimental  mine  with 
shale  dust  in  various  proportions,  and  these  mixtures  have  been  tested 
in  the  laboratory  and  in  the  experimental  mine.  Laboratory  tests 
have  been  made  by  the  two  methods  previously  described,  that  is,  by 
using  both  100  mg.  and  300  mg.  of  dust.  The  results  are  shown  by 
the  curve  in  figure  3  (p.  13),  the  composition  of  the  mixtures  being 
plotted  as  abscissas  and  the  inflammability  as  ordinates.  With  this 
curve  the  inflammability  of  any  dust  that  has  been  tested  in  the 
laboratory  may  be  expressed  in  terms  of  the  equivalent  mixture  of 
dust  from  the  exerimental  mine  and  shale  dust.  For  example,  a  dust 
that  develops  a  pressure  of  8  pounds  per  square  inch  (with  100  mg.) 
in  the  laboratory  apparatus  is  equal  in  inflammability  to  a  mixture 
containing  56  per  cent  of  the  mine  dust  and  44  per  cent  of  shale  dust. 
Tests  at  the  experimental  mine  have  shown  that  such  a  mixture  may 
be  readily  ignited  by  the  flame  of  a  blown-out  shot. 
Dusts  may  be  conveniently  classified  as  follows : 

1.  Dusts  that,  when  suspended  in  air,  may  be  ignited  by  a  flame 
and  give  rise  to  an  explosion. 

2.  Dusts  that,  when  suspended  in  air,  can  not  be  ignited  by  a 
blown-out  shot,  or  burning  gas,  or  by  an  electric  arc,  but  may  propo- 
gate  an  explosion  set  up  in  a  cloud  of  more  inflammable  dust  or  in 
an  explosive  gas  mixture. 

3.  Dusts  that  will  not  propagate  an  explosion. 

It  is  especially  important  to  be  able  to  ascertain  by  laboratory 
tests  to  which  of  these  groups  any  given  dust  belongs;  that  is, 
to  determine  whether  the  dust  is  capable  of  propagating  an  explosion 
or  of  being  ignited  by  a  flame. 

In  the  work  at  the  experimental  mine  the  term  "  ignition  limit " 
is  used  to  designate  the  highest  percentage  of  shale  dust  with  which  a 
given  coal  dust  can  be  mixed  and  yet  be  ignited  by  the  flame  of  a 
blown-out  shot  of  black  powder  and  give  rise  to  an  explosion.  The 
"propagation  limit"  of  a  dust  is  the  highest  percentage  of  shale 
dust  with  which  it  can  be  mixed  and  still  be  capable  of  propagating 
an  explosion.  In  the  above  classification  the  "  ignition  limit "  mix- 
ture falls  on  the  boundary  between  classes  1  and  2 ;  and  the  "  propa- 
gation limit"  on  that  between  classes  2  and  3.  The  ignition  and 
propagation  limits  of  a  number  of  typical  dusts  have  been  deter- 
mined at  the  experimental  mine.  The  ignition  limit  of  the  experi- 
mental mine  coal  dust,  for  example,  has  been  found  to  be  59  per  cent a 
shale,  and  the  propagation  limit  73  per  centra  shale. 

In  Figure  3  the  horizontal  line  A  is  drawn  to  intersect  the  curve 
for  100  mg.  at  the  point  corresponding  to  a  mixture  containing  59 

a  Limits  not  determined  experimentally  closer  than  5  per  cent  and  in  most  cases  10 
per  cent. 
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per  cent  cf  shale  dust,  and  shows  the  pressure,  3.5  pounds,  developed 
by  100  mg.  of  the  ignition-limit  mixture.  Similarly,  the  line  G 
represents  the  pressure  developed  by  300  mg.  of  the  same  dust  mix- 
ture, and  lines  B  and  D  represent  the  pressures  developed  by  100 
mg.  and  300  mg.,  respectively,  of  the  propagation-limit  mixture. 

Dusts  that  in  tests  with  100  mg.  give  pressures  falling  above  the 
line  A  will  be  ignited  by  flame  and  give  rise  to  an  explosion.  Dusts 
giving  pressures  falling  between  the  lines  A  and  B  will  not  be  ignited 
by  a  flame,  electric  arc,  or  burning  gas,  but  will  propagate  an  ex- 
plosion originating  in  other  media.     Dusts  giving  pressures  falling 
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Figure    3. — Relation    between    inflammability    and    composition    of    mixtures    of    experi- 
mental  mine   coal   dust  and   shale   dust. 

below  the  line  B  will  not  be  ignited  by  a  flame,  electric  arc,  or  burning 
gas,  and  will  not  propagate  an  explosion  already  set  up  in  other  media. 

If  the  pressure  developed  by  100  mg.  of  dust  is  less  than  one 
pound,  the  test  is  repeated  with  300  mg.  The  reason  for  this  is 
evident  from  Figure  3.  With  300  mg.  of  dust  greater  pressures  are 
obtained  and  it  is  easier  to  distinguish  between  dusts  that  are  capa- 
ble of  propagating  an  explosion  and  those  that  are  not.  It  has  been 
found  best  to  use  300  mg.  of  dust  for  determining  propagation  limits 
and  100  mg.  for  determining  ignition  limits. 

As  all  samples  used  in  establishing  the  eurves  from  which  the 
interpretation   of    results    is   made    were    prepare*  1    from    200-mesh 
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material,  interpretation  of  results  is  based  only  on  samples  that  pass 
a  200-mesh  screen.  A  sample  of  dust  from  coal  from  the  experi- 
mental mine  ground  to  200  mesh  and  termed  "  Pittsburgh  standard 
dust "  is  used  as  a  standard.  A  large  sample  is  prepared  and  kept 
in  a  tightly  sealed  glass  jar.  Samples  stored  in  this  way  for  more 
than  a  year  show  no  change  in  inflammability. 

Experience  with  the  apparatus  in  its  present  form  has  shown 
that  the  variations  obtained  from  day  to  day  in  the  pressure  de- 
veloped by  the  standard  dust  cover  a  range  of  0.6  pound,  that  is, 
13  to  13.6  pounds,  inclusive.  The  great  majority  of  the  values  fall 
within  the  limits  of  13.1  and  13.4  pounds. 

Better  agreement  between  individual  observations  with  a  given 
sample  of  highly  inflammable  dust,  such  as  Pittsburgh  standard 
dust,  is  obtained  by  taking  smaller  quantities  of  dust.  The  quan- 
tities used,  100  and  300  mg.,  were  adopted  because  they  give  greater 
sensitiveness  and  accuracy  with  less  inflammable  dusts. 

INFLAMMABILITY  OF  MIXTURES  OF  COAL  DUST  AND  SHALE  DUST. 

In  view  of  the  importance  of  rock  dust  in  preventing  or  limiting 
dust  explosions  a  knowledge  of  the  inflammability  of  mixtures  of 
coal  dust  and  of  rock  dust  is  of  value.  In  particular  it  is  desirable 
to  have  a  reliable  laboratory  method  for  determining  the  percentages 
of  rock  dust  that  must  be  added  to  various  coal  dusts  to  render  the 
mixtures  incapable  of  propagating  and  giving  rise  to  explosions, 
that  is,  a  method  for  determining  the  limits  of  ignition  and  propaga- 
tion for  such  dusts. 

The  five  coals  whose  limits  of  ignition  and  propagation  have  been 
determined  at  the  experimental  mine  were  used  for  this  study.  The 
proximate  analyses  of  these  coals  are  given  in  the  following  table: 

Proximate  analyses  of  coals  used. 


Mine. 

Nearest  town. 

State. 

Bed. 

Moisture. 

Volatile 
matter. 

Fixed 
carbon. 

Ash. 

Experimental . . 

Lucerne 

Layland 

Eccles  No.  3 

Bniceton 

Homer  City... 

Layland 

Eccles 

St.  Michaels . . . 

Pa 

...do 

W.Va... 
...do 

Pa 

Pittsburgh 

Upper  Freeport . . . 

Fire  Creek 

Becklev 

Per  cent. 

2.13 

1.00 

.57 

.83 

Per  cent. 
32.75 
29.65 
20.03 
18.15 

Per  cent. 
59.19 
59.48 
72.84 
71.12 
75.80 

Per  cent. 
5.93 
9.87 
6.56 
9.90 

Maryland 

Lower  Kittanning. 

.49 

16.01 

7.70 

The  shale  dust  used  in  preparing  the  coal-shale  mixtures  contains 
99  per  cent  of  incombustible  matter.  The  remaining  1  per  cent  con- 
sists principally  of  carbon,  with  a  small  amount  of  organic  hydrogen. 
Both  coal  and  shale  were  ground  to  200  mesh  and  mixed  in  the 
proper  proportions  in  the  laboratory. 
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The  combustible  gas  used  was  the  natural  gas  supplied  to  the  city 
of  Pittsburgh;  it  had  the  following  composition:0 

Analysis  of  natural  gas  used. 

Per  cent. 

Methane 84.  7 

Ethane 9.  4 

Propane 3.  0 

Butane  (chiefly) 1.  3 

Nitrogen 1.  6 

The  results  of  experiments  with  the  coal  from  the  experimental 
mine,  represented  graphically  in  figure  3,  have  been  discussed  in  the 
preceding  pages.  The  results  for  the  other  coals  are  represented  in 
figures  4,  5,  6,  and  7. 
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Figure  4.— Relation  between  inflammability  and  composition  of  Lucerne  mine  coal-dust 

and    shale-dust    mixtures. 

In  these  figures  the  curves  marked  "  100  mg.  no  gas  "  and  "  300  mg. 
no  gas"  give  the  pressures  developed  in  air  by  100  mg.  and  by  300 
mg.  of  various  mixtures  of  the  particular  dust  with  shale  dust.  The 
curve  marked  "  100  mg.  1  per  cent  gas  "  gives  the  pressure  developed 
in  an  atmosphere  containing  1  per  cent  natural  gas,  by  100  mg.  of 
various  shale-dust  mixtures,  and  the  curve  marked  "  100  mg.  2  per 
cent  gas "  gives  the  pressures  developed  in  the  presence  of  2  per  cent 
of  natural  gas. 

The  four  horizontal  lines  in  each  figure  are  drawn  at  the  same  dis- 
tances above  the  x  axis  as  the  lines  in  figure  3,  and  their  significance 
is  the  same.  The  line  marked  u  ignition  limit  for  100  mg.,"  for  exam- 
ple, represents  the  pressure  developed  by  100  mg.  of  the  ignition-limit 
mixture  of  the  experimental  mine  dust.  If  it  be  assumed  that  the 
limit  mixture  for  any  other  coal  develops  the  same  pressure  as  the 

a  Burroll,  G.  A.,  and  Soibrrt,  P.  M..  Analyses  of  natural  j,ras  and  Illuminating  gas  by 
fractional  distillation  at  low  temperatures :  Tech.  Paper  104,  Bureau  of  Mines,  1915, 
41  pp. 
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limit  mixture  of  experimental  mine  dust,  then  the  intersection  of  this 
line  with  the  curve  marked  "  100  mg.  no  gas  "  gives  the  composition 
of  the  ignition-limit  mixture  of  the  dust  in  question,  and  its  inter- 
section with  the  curve  marked  "  100  mg.  1  per  cent  gas  "  gives  the  com- 
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Figure  5. — Relation  between  inflammability  and  composition  of  Layland  mine  coal-dust 

and    shale-dust    mixtures. 

position  of  the  ignition-limit  mixture  of  the  dust  in  the  presence  of 
1  per  cent  natural  gas. 

In  figure  4,  for  example,  the  line  representing  the  pressure  de- 
veloped by  100  mg.  of  the  ignition-limit  mixture  of  Pittsburgh  coal 
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-Relation  between  inflammability  and  composition  of  Eccles  No.  3  mine  coal- 
dust   and   shale-dust   mixtures. 


and  shale  intersects  the  curves  for  100  mg.  of  dust  at  points  corre- 
sponding to  54,  61,  and  68  per  cent  shale,  the  percentages  of  shale  in 
the  ignition-limit  mixtures  of  the  Lucerne  mine  coal  with,  respec- 
tively, 0,  1,  and  2  per  cent  natural  gas  present  in  the  atmosphere. 
Similarly,  the  propagation  limit  in  an  atmosphere  containing  no 
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combustible  gas  is  found  to  be  the  mixture  containing  72  per  cent 
shale.  With  the  Lucerne  mine  coal  tests  with  100  mg.  of  dust  (fig. 
4)  yield  the  same  values  for  the  propagation  and  ignition  limits  as 
tests  with  300  mg.  With  the  Eccles  mine  coal  (fig.  6)  and  Mary- 
land mine  coal  (fig.  7)  a  satisfactory  agreement  is  found  between 
limits  determined  with  100  mg.  and  300  mg.,  respectively.  As  al- 
ready stated,  however,  the  limit  of  propagation  can  be  determined 
more  reliably  with  300  mg.  of  dust  and  the  limit  of  ignition  with 
100  mg. 

The  following  table  gives  the  values  of  the  ignition  limit  and  the 
propagation  limit  as  determined  in  the  laboratory  and  in  the  experi- 
mental mine,  and  the  inflammability  of  the  coal  dust  used  in  pre- 
paring the  coal-shale  mixtures.     These  limits,  as  determined  at  the 


10 

s 

z 

m   q 

Ignition  Hmit  for  300  m 

g 

?J 

OS    8 

-- 

— 

- 

- 

■4 

- 

< 

f 

> 

or 

T 

&    6 

<* 

4 

i 

j 

^"#L_ 

Oh 

\  \>\ 

F/ 

Q 

1/ 

E3    4 

§ 

^mVjLJ.o' 

. 

Ignition  limit  for  100  mg. 

/ 

jW 

& 

/ 

//&Y\   <*• 

w 

s 

fe-tt* 

P    2 

CO 

'  - 

Sj_^ 

> 

^ 

r" 

CO 

Propagation  limit  for  300  mg. 

s 

PL, 

Propagation  limit  for  100  mer. 

L 

n 

r 

■ 

• 

n 

•" 

r~ 

" 

~ 

' 

n 

Coal  0 
Shale  100 


FlGUKE 


10  20  30  40  50  60  70 

90  80  70  60  50  40  30 

COMPOSITION,  PER  CENT 


20 


100 
0 


—Relation  between  inflammability  and  composition  of  Maryland  mine  coal-dust 
and    shale-dust    mixtures. 


experimental  mine,  are  taken  from  the  tentative  curves  obtained  by 
plotting  the  results  of  the  tests,  ignition  or  nonignition,  propaga- 
tion or  nonpropagation  with  reference  to  the  percentage  of  incom- 
bustible matter  and  the  ratio  of  volatile  combustible  to  total  combus- 
tible in  the  dust. 


Propagation  and  ignition  limits  of  coals  used. 


Mine. 


Experimental. 

Lucerne 

Layland 

Eccles  Nb.3... 

Maryland 


74342 


Percentage  of  shale  in  limit  mixtures. 
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Labor- 
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It  will  be  seen  that  the  values  for  propagation  limits  determined 
in  the  laboratory  agree  satisfactorily  with  those  of  the  large-scale 
experiments  at  the  mine.  In  fact,  with  one  exception  the  differences 
are  within  the  limit  of  accuracy  with  which  the  limits  can  be  estab- 
lished in  the  experimental  mine. 

The  laboratory  values  for  limits  of  ignition  do  not  agree  so  well 
with  those  found  at  the  mine,  the  former  leading  to  lower  percent- 
ages of  shale  in  the  limit  mixtures.  The  lower  the  inflammability 
of  the  coal  the  greater  is  the  difference  between  the  ignition  limits 
determined  in  the  laboratory  and  in  the  mine. 
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Figure  8. — Relation  between  inflammability  and  composition  of  ignition  limit  mixtures. 

A  definite  relation  is  found  to  exist  between  the  inflammability  of 
coal  dust  as  indicated  by  the  pressure  in  the  laboratory  apparatus 
and  the  limits  of  ignition  and  propagation  found  in  the  mine.  The 
relation  is  shown  graphically  in  figures  8  and  9,  in  which  the  com- 
position of  the  limit  mixture  is  plotted  as  abscissas  and  the  pressure 
developed  in  the  laboratory  apparatus  as  ordinates. 

Of  the  three  curves  shown  in  figure  8  the  one  on  the  right  repre- 
sents the  relation  between  the  pressures  developed  in  the  laboratory 
apparatus  and  the  percentage  of  coal  that  must  be  contained  in  the 
coal-shale  dust  mixture  in  order  that  the  dust  when  suspended  in 
normal  air  may  be  ignited  by  the  flame  of  a  blown-out  shot.  The 
other  two  curves  represent  the  same  relation  in  atmospheres  contain- 
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ing  1  per  cent  and  2  per  cent  natural  gas.  With  one  exception  the 
points  fall  on  straight  lines.  It  follows  from  this  that  within  the 
range  of  inflammability  of  the  dusts  given  the  pressure  developed  in 
the  laboratory  apparatus  is  directly  proportional  to  the  percentage 
of  shale  that  must  be  exceeded  in  the  mixture  to  prevent  its  ignition 
by  the  flame  of  a  blown-out  shot. 

In  figure  9  the  abscissas  represent  the  composition  of  the  limit 
mixtures  for  propagation  of  an  explosion  in  normal  air.  The  proga- 
gation  limits  in  atmospheres  containing  combustible  gas  have  not 
been  determined. 
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Figure   9. — Relation  between   inflammability   and   composition   of  propagation   limit 

mixtures. 

A  -  regards  the  shape  of  the  curves  below  the  lowest  points  plotted, 
although  ignition  and  propagation  limits  have  not  been  determined 
for  coals  less  inflammable  than  the  Lower  Kittanning  coal  from  the 
Maryland  mine,  it  seems  likely  that  if  continued  downward  the 
curves  would  bend  rather  sharply  to  the  right. 

INFLAMMABILITY  OF  DUST  IN  AIR  CONTAINING  SMALL  AMOUNTS 

OF  NATURAL  GAS. 

The  modification  of  the  method   whereby  the  inflammability  of 

dusts  in  an  atmosphere  containing  a  definite  percentage  of  combus- 
tible gas  can  be  determined,  and  the  results  of  experiments  on  the 
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effect  of  1  per  "cent  and  2  per  cent  of  such  gas  on  the  ignition  limits 
of  Upper  Freeport  and  New  River  coal  dust  have  been  described. 
Although  these  experiments  were  made  with  100  mg.  portions  of 
200-mesh  dust,  the  experiments  that  follow  were  made  with  300  mg. 
of  dust  and  the  samples,  except  one  series  with  Lykens  Valley,  Pa., 
anthracite  and  one  with  anthracite  from  the  Bankhead  mine,  British 
Columbia,  were  ground  at  the  experimental  mine.  The  dust  contains 
a  considerable  amount  of  coarse  dust,  as  will  be  seen  from  the  follow- 


ing table: 


Sizing   tests   of  coal   ground  for  tests   at   experimental   mine. 


Through— 

On- 

Per  cent. 

20  mesh 

40  mesh 

60  mesh 

80  mesh 

100  mesh 

200  mesh 

40  mesh 

60  mesh 

80  mesh 

100  mesh 

200  mesh 

3.05 

2.84 

1.47 

.95 

16.75 

74.94 

On  this  account  the  results  are  not  strictly  comparable  to  results 
obtained  with  samples  ground  in  the  laboratory  to  200  mesh  and 
can  not  be  used  for  the  determination  of  ignition  and  propagation 
limits. 

In  all  cases  the  "  combustible  gas "  is  the  natural  gas  used  in 
Pittsburgh. 

Figure  10  shows  the  results  of  experiments  on  two  samples  of 
Lykens  Valley  anthracite — one  ground  at  the  experimental  mine 
and  one  ground  in  the  laboratory  to  200  mesh. 

Proximate  analysis  of  typical  Lykens  Valley  anthracite. 


Constituent. 

Per  cent. 

Moisture 

1.18 
10.87 
73.46 
14.49 

Ash 

The  curve  for  the  200-mesh  dust  rises  slowly  as  the  percentage 
of  gas  in  the  atmosphere  of  the  explosion  globe  increases  to  the 
point  corresponding  to  1.5  per  cent  of  gas,  and  then  bends  sharply 
upward.  The  pressure  developed  when  no  combustible  gas  is  pres- 
ent indicates  that  in  normal  air  the  dust  will  propagate  an  explosion, 
but  will  not  be  ignited  by  the  flame  of  a  blowTn-out  shot.  In  the 
presence  of  2  per  cent  of  gas  the  dust  is  very  liable  to  be  ignited 
by  such  a  flame.  With  8  per  cent  of  gas  present  the  pressure  de- 
veloped is  slightly  greater  than  that  developed  by  the  Pittsburgh 
standard  dust  in  a  nongaseous  atmosphere. 


INFLAMMABILITY  OF  DUST  IX  AIR  CONTAINING  NATURAL  GAS. 
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The  effect  of  dust  particles  larger  than  200-mesh  in  the  dust  tested 
is  strikingly  shown  by  the  curve  for  the  dust  ground  at  the  experi- 
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Figure  10. — Effect  of  presence  of  combustible  gas  on  inflammability  of  Lykens  Valley, 

Pa.,  anthracite  dust. 

mental  mine,  this  curve  lying  below  that  for  the  200-mesh  dust. 
The  presence  of  3  per  cent  of  gas  is  required  to  produce  a  marked 
upward  bend  in  the  curve. 
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Figure  11. — Effect  of  presence  of  combustible  gas  on  inflammability  of  anthracite  dust 

from  Bankhead  mine,  British  Columbia. 

The  effect  of  combustible  gas  on  the  inflammability  of  anthracite 
dust  from  the  Bankhead  mine,  British  Columbia,  is  shown  in  figure 
11.  The  proximate  analysis  of  the  Bankhead  anthracite  is  given 
in  the  following  table: 
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Proximate  analysis  of  dust  from  the  Bankhcad  mine. 


Constituent. 

Per  cent. 

Moisture 

0.33 

10.75 

80.34 

8.58 

Volatile  matter 

Fixed  carbon 

Ash 

Figures  12  and  14  show  the  effect  of  the  presence  of  natural  gas 
on  the  inflammability  of  mixtures  of  Pittsburgh  coal  and  of  New 
River,  W.  Va.,  coal  with  shale  dust.  In  both  cases  the  effect  of  the 
gas  increases  as  the  percentage  of  coal  in  the  dust  mixture  is  raised. 

Figures  13  and  15  show  the  effect  of  the  presence  of  natural  gas 
on  the  inflammability  of  a  mixture  consisting  of  25  per  cent  Pitts- 
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-Effect  of  presence  of  natural  gas  on  the  inflammability  of  mixtures  of  experi- 
mental mine  coal  dust  and  shale  dust. 


burgh  coal  dust  and  75  per  cent  shale  dust,  and  of  a  mixture  con- 
taining 40  per  cent  New  River,  W.  Va.,  coal  dust  and  60  per  cent 
shale  dust,  respectively. 

The  results  of  these  experiments  indicate  that  dusts  too  low  in 
inflammability  to  propagate  an  explosion  in  normal  air  may  readily 
do  so  in  the  presence  of  2  to  3  per  cent  of  natural  gas,  and  the  per- 
centage of  rock  dust  that  must  be  added  to  coal  dust  to  prevent  its 
giving  rise  to  or  propagating  an  explosion  is  considerably  greater  in 
mines  where  gas  is  likely  to  be  present  than  in  nongaseous  mines. 
These  conclusions  are  in  complete  agreement  with  results  of  tests  at 
the  experimental  mine. 


RESULTS    OF    INFLAMMABILITY    TESTS. 
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RESULTS   OF  INFLAMMABILITY  TESTS   OF  VARIOUS  COAL  DUSTS. 

It  can  readily  be  appreciated  that  the  determination  of  the  inflam- 
mability of  coal  dusts  at  the  experimental  mine  or  by  other  large- 
scale  tests  is  expensiYe  and  slow,  so  that  comparatively  few  types  of 
coal  can  be  studied,  and  data  on  a  given  coal  can  not  be  quickly 
obtained.  The  use  of  the  laboratory  method  described  provides  a 
means  of  obtaining  reliable  information  concerning  the  relative 
inflamm ability  of  coals  in  a  very  short  time  and  at  small  expense. 

About  600  coals  taken  from  mines  in  21  different  States  and  two 
Provinces  of  Canada  have  been  tested  according  to  this  method. 
In  accordance  with  the  scheme  outlined  in  the  introduction  to  this 
paper,  these  coals  have  been  classified  according  to  the  pressures  de- 
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Figure  13. — Eflfect  of  presence  of  natural  gas  on  inflammability  of  a  mixture  consisting 
of  Pittsburgh  coal  dust,  25  per  cent,  and  shale  dust,  75  per  cent. 

veloped.  The  data  presented  were  collected  during  one  year.  Such 
an  amount  of  information  could  have  been  obtained  by  large-scale 
testing  only  by  expending  a  large  amount  of  money  and  by  taking 
a  correspondingly  long  period  of  time. 

The  types  of  material  tested  by  this  method  comprise  standard  face 
samples  of  coal,  road  and  rib  dusts,  and  mechanical  mixtures  of  coal 
and  shale  dusts. 

The  results  of  inflammability  tests  and  the  proximate  analyses  of  a 
number  of  samples  of  dust  of  face  samples  of  coal  are  given  in 
Table  1  and  corresponding  data  for  road  and  rib  dusts  in  Table  2. 
All  inflammability  tests  were  made  on  sample-  ground  fro  200-mesh 
and  with  a  few  exceptions  noted  in  the  second  column  of  each  table 
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on  100  mg.  portions.  In  both  tables  the  samples  are  arranged  in  the 
order  of  their  inflammability. 

No  definite  relation  is  to  be  found  between  inflammability  and 
chemical  composition.  Usually  the  higher  the  content  of  volatile 
matter  the  greater  is  the  inflammability. 

It  is  worthy  of  note  that,  except  the  anthracite  dusts,  only  six  dusts 
out  of  more  than  600  tested  were  found  to  be  in  that  class  of  dusts 
which  can  not  be  ignited  by  a  blown-out  shot  and  will  not  propagate 
an  explosion  set  up  in  other  media.    Many  anthracite  dusts,  however, 
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fall  in  this  class,  though  some  of  them  were  found  to  be  capable  of 
propagating  an  explosion. 

The  necessity  for  the  verification  of  the  results  of  laboratory 
tests  by  means  of  large-scale  tests  has  been  emphasized  in  Bureau  of 
Mines  Bulletins  50°  and  102.&  The  value  of  the  tests  just  mentioned 
is  greatly  enhanced  by  the  relation  established  between  results  ob- 
tained in  the  laboratory  and  those  obtained  in  the  experimental  mine. 

It  has  been  previously  stated  that  in  all  the  coals  tested  the  order 
of  inflammability  as  measured  by  limits  of  ignition  and  propagation 
in  the  laboratory  test  agrees  with  the  determinations  at  the  mine. 

a  Frazer,  J.  C.  W.,  Hoffman,  E.  J.,  and  Scholl,  L.  A.,  jr.,  A  laboratory  study  of  the 
inflammability  of  coal  dust,  1913,  60  pp. 

6  Clement,  J.  K.,  and  Scholl,  L.  A.,  jr.,  The  inflammability  of  Illinois  coal  dusts,  1915, 
74  pp. 
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Since  the  preparation  of  this  report  large-scale  tests  made  at  the 
experimental  mine  have  shown  how  greatly  the  size  of  the  dust 
particles  affects  the  relative  inflammability  of  the  dust.  Dust  from 
the  Pittsburgh  coal,  when  so  fine  that  85  to  90  per  cent  passes  through 
a  200-mesh  sieve,  requires  an  amount  of  shale  dust  equal  to  four  times 
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Figure  15. — Effect  of  presence  of  natural  gas  on  inflammability  of  a  mixture  consisting 
of  Eccles  No.  3  mine  coal  dust,  40  per  cent,  and  shale  dust,  60  per  cent. 

its  weight  to  prevent  propagation  of  flame :  when  only  40  per  cent  of 
the  coal  dust  is  as  fine  as  200  mesh  three  times  as  much  shale  dust 
is  needed,  and  when  the  percentage  of  200-mesh  coal  dust  is  reduced 
to  20  the  quantity  of  shale  dust  need  be  only  twice  that  of  the 
coal  dust. 
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SUMMARY.  31 

These  tests  have  shown  the  desirability  of  making  screen  tests 
of  the  road-dust  samples  received  for  inflammability  tests,  so  as  to 
obtain  more  accurate  information  regarding  the  quantity  of  shale 
dust  needed  to  prevent  either  ignition  or  propagation  than  is  afforded 
by  laboratory  tests  with  only  the  finely  pulverized  dust.  The  results 
of  the  laboratory  tests  of  road  dusts  given  in  Table  2  may,  therefore, 
be  somewhat  in  error,  for  the  relative  inflammability  of  the  dust  as 
received  may  be  less  than  that  given  by  the  finely  pulverized  dust  in 
the  laboratory.  In  some  cases  where  the  pressure  obtained  indicated 
that  the  dust  could  be  ignited  or  might  propagate  flame,  ignition  or 
propagation  might  be  impossible  on  account  of  the  coarseness  of  the 
dust.  However,  any  error  due  to  this  cause  is  on  the  side  of  safety, 
as  the  laboratory  test  indicates  an  inflammability  greater  than  may 
exist,  and  therefore  recommendations  based  on  such  tests  would 
require  more  shale  than  necessary  to  prevent  ignition  or  propagation. 

A  somewhat  similar  situation  has  developed  with  reference  to  coals 
of  high  moisture  content.  Laboratory  tests  of  air-dried  samples  of 
a  coal  normally  having  about  10  per  cent  moisture  gave  limits  some- 
what higher  than  those  found  in  the  mine  tests.  But  here  also  the 
error  is  on  the  safe  side.  With  coals  having  a  moisture  content 
above  10  per  cent  the  results  may  differ  so  much  as  to  reduce  consid- 
erably the  value  of  the  laboratory  determination.  It  may  be  that  this 
inaccuracy  can  be  eliminated  by  tests  of  samples  which  have  had 
opportunity  after  being  pulverized  to  recover  their  original  moisture 
content. 

SUMMARY. 

A  laboratory  method  for  determining  the  inflammability  of  coal 
dust  has  been  developed  that  is  more  sensitive  and  capable  of  much 
greater  accuracy  than  the  methods  previously  described.  With  the 
apparatus  described  inflammability  determinations  have  been  made 
on  a  large  number  of  samples  of  coal  dust  from  the  various  coal  fields 
of  the  United  States. 

By  establishing  a  relation  between  the  results  of  laboratory  tests 
and  those  of  tests  under  actual  mining  conditions  it  has  been 
found  possible  to  determine  from  laboratory  tests  whether  dusts  are 
capable  of  giving  rise  to  explosions  in  the  mine. 

The  inflammability  of  mixtures  of  coal  dust  and  rock  dust  has  been 
studied,  and  it  is  possible  to  predict  from  laboratory  tests  the  per- 
centage of  rock  dust  that  will  render  each  coal  dust  incapable  of 
propagating  an  explosion. 

A  convenient  means  has  been  provided  for  determining  the  effect 
on  the  inflammability  of  a  dust  of  small  percentages  of  combustible 
gas  in  the  atmosphere  in  which  the  dust  is  suspended.  By  means  of 
this  modification  the  effect  of  such  small  percentages  of  gas  with 
several  typical  coals  and  coal-shale  mixtures  has  been  studied. 
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Miner'  Circular  18.  Notes  on  miners'  carbide  lamps,  by  J.  W.  Paul.     1915. 

11  pp. 

Miners'  Circular  21.  What  a  miner  can  do  to  prevent  explosions  of  gas  and 
of  coal  dust,  by  G.  S.  Rice.     1915.     24  pp. 

Miners'  Circular  23.  Elementary  first  aid  for  the  miner,  by  W.  A.  Lynott 
and  D.  Harrington.     1916.     24  pp.,  19  figs. 

Rescue  and  recovery  operations  in  mines  after  fires  and  explosions,  by  J.  W. 
Paul  and  H.  M.  Wolflin.     1916.     109  pp. 

PUBLICATIONS    THAT    MAY   BE    OBTAINED   ONLY   THROUGH   THE   SUPERIN- 
TENDENT OF  DOCUMENTS. 

Bulletin  10.  The  use  of  permissible  explosives,  by  J.  J.  Rutledge  and  Clar- 
ence Hall.     1912.     34  pp.,  5  pis.,  4  figs.     10  cents. 

Bulletin  25.  Mining  conditions  under  the  city  of  Scranton,  Pa.,  report  and 
maps,  by  William  Griffith  and  E.  T.  Conner,  with  a  preface  by  J.  A.  Holmes  and 
a  chapter  by  N.  H.  Darton.    1912.    89  pp.,  29  pis.    50  cents. 
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Bulletin  26.  Notes  on  explosive  mine  gases  and  dusts,  with  especial  reference 
to  explosions  in  the  Monongah,  Darr,  and  Naomi  coal  mines,  by  R.  T.  Chainber- 
lin.     383  pp.,  1  fig.     10  cents. 

Bulletin  42.  The  sampling  and  examination  of  mine  gases  and  natural  gas, 
by  G.  A.  Burred  and  F.  M.  Seibert.     1913.     116  pp.,  2  pis.,  23  figs.    20  cents. 

Bulletin  44.  First  national  mine-safety  demonstration,  Pittsburgh,  Pa.,  Oc- 
tober 30  and  31,  1911.  by  H.  M.  Wilson  and  A.  H.  Fay,  with  a  chapter  on  the 
explosion  at  the  experimental  mine,  by  G.  S.  Rice.  1912.  75  pp.,  8  pis.,  4  figs. 
15  cents. 

Bulletin  61.  Abstracts  of  current  decisions  on  mines  and  mining.  October, 
1912,  to  March,  1913,  by  J.  W.  Thompson.     1913.     82  pp.     10  cents. 

Bulletin  72.  Occurrence  of  explosive  gases  m  coal  mines,  by  N.  H.  Darton. 
1915.     248  pp..  7  pis.,  33  figs.     35  cents. 

Bulletin  79.  Abstracts  of  current  decisions  on  mines  and  mining,  March  to 
December,  1913,  by  J.  W.  Thompson.     1914.     140  pp.     20  cents. 

Bulletin  82.  International  conference  of  mine  experiment  stations,  Pitts- 
burgh, Pa.,  September  14-21,  1912,  compiled  by  G.  S.  Rice.  1914.  99  pp.  15 
cents. 

Bulletin  83.  The  humidity  of  mine  air.  with  especial  reference  to  coal  mines 
in  Illinois,  by  R.  Y.  Williams.     1914.     69  pp.,  2  pis.,  7  figs.     10  cents. 

Bulletin  94.  United  States  mining  statutes  annotated,  by  J.  W.  Thompson. 
1915.  1772  pp.  In  two  parts,  not  sold  separately.  Cloth,  $2.50  per  set ;  paper, 
82.00. 

Technical  Paper  14.  Apparatus  for  gas-analysis  laboratories  at  coal  mines, 
by  G.  A.  Burrell  and  F.  M  Seibert.     1913.     24  pp.,  7  figs.     5  cents. 

Technical  Paper  17.  The  effect  of  stemming  on  the  efficiency  of  explosives, 
by  W.  O.  Snelling  and  Clarence  Hall.    1912.    20  pp.,  1  fig.    5  cents. 

Technical  Paper  24.  Mine  fires,  a  preliminary  study,  by  G.  S.  Rice.  1912. 
51  pp.,  1  fig.     5  cents. 

Technical  Paper  29.  Training  with  mine-rescue  breathing  apparatus,  by  J.  W. 
Paul.     1912.     16  pp.     5  cents. 

Technical  Paper  39.  The  inflammable  gases  in  mine  air,  by  G.  A.  Burrell  and 
F.  M.  Seibert.     1913.     24  pp.,  2  figs.     5  cents. 

Technical  Paper  47.  Portable  electric  mine  lamps,  by  H.  H.  Clark.  1913. 
8  pp.     5  cents. 

Technical  Paper  56.  Notes  on  the  prevention  of  gas  and  dust  explosions  in 
coal  mines,  by  G.  S.  Rice.     1913.     24  pp.     5  cents. 

Technical  Paper  77.  Report  of  the  Committee  on  Resuscitation  from  Mine 
Gases,  by  W.  B.  Cannon,  G.  W.  Crile,  Joseph  Erlanger,  Yandell  Henderson,  and 
S.  J.  Meltzer.     1914.     35  pp.,  4  figs.     5  cents. 

Technical  Paper  101.  Permissible  explosion-proof  electric  motors  for  mines ; 
conditions  and  requirements  for  test  and  approval,  by  H.  H.  Clark.  1915. 
14  pp..  2  pis.,  1  fig.     5  cents. 

Miners'  Circular  4.  The  use  and  care  of  mine-rescue  breathing  apparatus,  by 
J.  W.  Paul.     1911.     24  pp..  5  figg.     5  cents. 

Miners'  Circular  15.  Rules  for  mine-rescue  and  first-aid  field  contests,  by 
J.  W.  Paul.     1913.     12  pp.     5  cents. 
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